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a b s t r a c t

A straight capillary model is developed to estimate the mass leak rate of the cast ceramic tape seals for
planar solid oxide fuel cells (SOFCs), which is further rectified with consideration of microstructure com-
plexity including the tortuosity, cross-section variation and cross-link of leak paths. The size distribution
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of the leak path, effective porosity and the microstructure complexity are the main factors that influence
the leak rate of the cast tape seals. According to the model, Al2O3 powders are selected for preparation
of the seals by tape casting, and the leak rate is evaluated under various compressive stresses and gauge
pressures. The results indicate that Al2O3 powder with D50 value about 2 �m and specific surface area
near 5 m2 g−1 can be used for the cast tape seals; and the obtained leak rate can satisfy the allowable leak
lumina
olid oxide fuel cell

limit.

. Introduction

In planar solid oxide fuel cells (SOFCs), sealing has been regarded
s one of the most critical issues that limit the long-term opera-
ion of a SOFC stack. The seal material needs not only to be stable
n the dual oxidizing and reducing environments but also to be
lectrically insulating and chemically compatible with other fuel
ell components [1–3]. Conventional glass or glass-ceramic seals
end to transform in phases and react with cell components and
nterconnect materials under SOFC operating conditions in a long
un, due to their intrinsic thermodynamical instability [4–6]. The
eformable metallic seals, such as ductile silver [7,8] and corru-
ated or C-shaped super alloy gaskets [9], are limited by their high
lectronic conductivity. Although the hybrid mica-based seals have
emonstrated excellent hermetic property, potassium element is
till a potential concern for electrode poisoning.

In order to overcome the disadvantages presented in the afore-
entioned sealing materials, investigation of alternative sealing

oncepts has been the focus for years. Ceramic felts [10,11], ceramic
apers [12] and cast ceramic tapes [13] with materials that are
hemically stable in SOFC environments were reported as sealing
omponents for planar SOFCs. The density of ceramic felts is usually

ow; pre-densification is needed before their applications. The cast
eramic tape seals are flexible and compressible to some extent;
apless contact can be maintained under moderate compressive
tresses.

∗ Corresponding author. Tel.: +86 27 87557694; fax: +86 27 87558142.
E-mail address: lijian@hust.edu.cn (L. Jian).
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© 2009 Elsevier B.V. All rights reserved.

In the present study, flow mechanics modeling and experimen-
tal verification are carried out with cast Al2O3 tape seals. The pur-
pose is to develop a physical model to estimate the leak rate of
cast ceramic tape seals; accordingly, the factors that control the
leak rate can be identified and analyzed and a preferred sealing
microstructure can be suggested for achieving improved sealing
property.

2. Model analysis

2.1. List of symbols

a length of ceramic tape seal
b thickness of ceramic tape seal
D diameter of capillary or dimension of flow
D0 expectation value of capillary diameter distribution
Dl diameter of large capillary
Ds diameter of small capillary
g gravitational acceleration
Kn Knudsen number
L sealing width
Le actual length of leak path
ll length of large capillary
ls length of small capillary

Ṁ mass flow rate
ṀVD mass flow rate in a capillary with variable diameters
ṀDs mass leak rate in a capillary with a constant diameter Ds

N total number of capillary in tape seal
P pressure

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:lijian@hust.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.04.032
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(ii) H2 gas is incompressible, and the gravity effect of H2 is
ignored, gx = g� = gz = 0;

(iii) the velocity slip is neglected and the flow velocity at the
capillary wall is zero.
24 S. Sang et al. / Journal of Po

i pressure inside SOFC stack
o pressure outside SOFC stack

total flow rate across a capillary
radius of capillary
radial distance
temperature
time
gas velocity

s slip boundary velocity
rarefaction coefficient
gas molecular free path
viscosity coefficient
gas density
deviation of capillary diameter distribution
tortuosity
effective porosity of tape seal

ubscript
component in radial coordinate direction
component in azimuth coordinate direction
component in x coordinate direction
component in y coordinate direction
component in z coordinate direction

.2. Modeling

At room temperature, the cast ceramic tape seal contains organic
inder and additives, such as dispersant, plasticizer and lubricant,
nd can be placed in contact with the sealing surfaces perfectly with
he aid of a small amount of solvent. At operating temperatures, the
dded organic binder and additives are burnt out, leaving intercon-
ected pores in the tape seal. Therefore, it is considered that the

eak through sealing interfaces is manageable, and the infiltration
eak through the seal body is the primary concern in this model.
ecause the microstructure is complicated with various sizes and
hapes of interconnected pores, it is difficult to define the bound-
ry conditions of the leaking gas flow. Usually, the gas flow in such
microstructure can be idealized as that in a closed pipe network
r a regular array of solid particles; however, a viable calculation
f the leak rate remains problematical [14,15]. The approach used
n the current model is to simplify the porous microstructure to
traight capillaries with specific size distributions. The leak rate is
alculated based on the simplified capillary structure, and then is
orrected according to the realistic microstructure.

Three basic assumptions are made in the model: (1) all intercon-
ected pores in the ceramic seal are visualized as straight capillaries

ying in the direction of gas leak flow, and the diameter of the cap-
llaries is in the range of 0.01–200 �m according to experimental
bservations and experiences; (2) in a ceramic seal with a length a,
thickness b and a sealing width L as shown in Fig. 1, the capillary
iameter D obeys the Gaussian distribution:

(D) = 1√
2	�

e−(D−D0)2/2�2
(1)

nd (3) the probability for a diameter smaller than 200 �m must be
reater than 99.8%, that is

{D < 200} = 

(

200 − D0

�

)
> 0.998 (2)

here 
 is the standard function of normal distribution.
.3. Calculation of mass flow rate

H2 is chosen as the gas of investigation. H2 leaks through the
apillaries under the condition that the pressure inside the SOFC
tack Pi is higher than that outside Po. Similar to the case of interface
Fig. 1. Schematic drawing of the simplified porous microstructure in which capil-
laries with various diameters lying in leak flow direction represents interconnected
pores. The diameter of the capillaries obeys the Gaussian distribution.

leak in mica-based seals [16], the flow characteristics of the high-
temperature gas should be considered, as the gas flow is confined in
such micro-channels. The average molecular free path of H2 gas is
0.60 �m at 750 ◦C which is the operating temperature of the planar
SOFC studied. The pressure-driven leak flow can be considered to
be a continuum laminar flow in capillaries with diameters in the
range of 60–200 �m; and the flow falls into the slip or transition
flow regime if the diameter of the capillary is smaller than 60 �m,
according to the value of the Knudsen number (Kn = �/D, defined
as the degree of gas rarefaction). In subsequent sections, these two
situations are considered individually:

(1) Laminar flow in capillaries with 60 ≤ D ≤ 200 �m.
Fig. 2 shows a capillary referenced in both cylindrical and

Cartesian coordinates. The pressure-driven H2 leak flow is
regarded as a continuum laminar flow that can be described
by the Navier–Stokes equations:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

∂Vr

∂t
+ (V · ∇)Vr − V�

2

r
= gx − 1

�

∂P

∂r
+ �

(
∇2Vr − 2

r2

∂V�

∂�
− Vr

r2

)
∂V�

∂t
+ (V · ∇)V� − Vr V�

r
= g� − 1

�r

∂P

∂�
+ �

(
∇2V� + 2

r2

∂Vr

∂�
− V�

r2

)
∂Vz

∂t
+ (V · ∇)Vz = gz − 1

�

∂P

∂z
+ �∇2Vz

(3)

where v is defined as �/�. Considering the leak flow of H2 in a
planar SOFC stack, it is further assumed that:

(i) the flow is isothermal and steady;
Fig. 2. Cylindrical and Cartesian coordinates showing the capillary model of the
lamellar flow.
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F
G

(

0.01 ≤ D < 60 �m can be derived as [18]:

Q = 	R4 
P

8�L
[1 + 0.865 tan−1(4Kn0.4)]

(
1 + 4Kn

1 + Kn

)
(7)
ig. 3. Mass leak rate of H2 calculated from the developed model with various
aussian distributions of the capillary diameter.

The gas flow direction parallels with z-axis, and the velocity
components in the x- and y-directions equal to zero. Further
assuming that the pressure difference in the direction of capil-
lary length L is

−∂P

∂x
= 
P

L

the total flow rate of a capillary Q as a function of its radius R
can be obtained by solving the Navier–Stokes equations [18]:

Q = 	R4 
P

8�L
(4)

2) Slip and transition flows in capillaries with 0.01 ≤ D < 60 �m.
As mentioned above, for capillaries with diameters in the

range of 0.01–60 �m, the flow is categorized as the slip or transi-
tion flow for which the conventionally assumed no-slip bound-
ary condition is no longer applicable, a Knudsen layer with a
thickness in the order of molecular free path plays a decisive
role. Furthermore, as the capillary diameter decreased, colli-
sions between gas molecules and capillary walls are required to
be taken into account; and the kinematic viscosity of momen-

tum diffusion should be modified for the enhanced rarefaction
effect. Thus an unified flow model for both the slip and tran-
sition flows is established, in which the flow in a capillary is
divided into two layers, i.e. the Knudsen layer and the middle
layer, with a continuous transition in between. The enhanced
Fig. 4. Schematic presentation of physical definition of the tortuosity.

rarefaction effect is considered by introducing the rarefaction
coefficient Cr(Kn) that is a function of Kn. For the pressure-
driven incompressible flow in such a capillary, the velocity slip
boundary condition is

Vs = R2

4�
· ∂P

∂z
· 3Kn + 1

Kn + 1
(5)

In addition to the assumptions made in the laminar flow mode,
it is further assumed that:
(i) temperature gradient inside the leak flow is neglected, even

though temperature fluctuation is more likely to happen in
the slip and transition flows;

(ii) the rarefaction coefficient Cr(Kn) is given as [17].

Cr(Kn) = 1 + ˛Kn (6)

where

˛ = 1.358
2
	

tan−1(4Kn0.4)

Applying the above assumptions and the velocity slip bound-
ary condition (Eq. (5)), the flow rate of a capillary with
Fig. 5. Calculated mass leak rate of H2 as a function of the effective porosity and
tortuosity with D0 = 0.4 �m and � = 0.2 �m.
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The leak rate of the cast ceramic tape seal can be obtained
theoretically by summation of the leak rate in each capillary,
provided the quantity of the capillary is available. Assuming
that there are N capillaries in a tape seal and the diameter scale
is divided into i intervals between the minimum and maximum
diameters as (Dmin, D1), (D1, D2), (D2, D3), . . ., (Di−2, Di−1), (Di−1,
Dmax), then the number of capillary with diameters in the range
of (Dk, Dk+1), nk, can be expressed as:

nk = N ·
∫ Dk+
Dk

Dk

1√
2	�

e−(D−D0)2/2�2
dD (8)

where 
Dk = Dk+1 − Dk, k = 1, 2, 3, . . ., i. Defining the effective
porosity of the tape seal � as the volume ratio of all capillar-
ies to the seal, � can be approximately expressed as a function
of capillary diameter and quantity as follow as long as 
Dk is
infinitesimal:

� = 1
ab

[
	D2

min
4

·n1+	D2
1

4
·n2+ · · · +

	D2
i−2

4
· ni−2+

	D2
i−2

4
· ni−1

]

= N

ab
·
[

	D2
min
4

∫ D1

Dmin

1√
2	�

e−(D−D0)2/2�2
dD

+ 	D2
1

4

∫ D2

D1

1√
2	�

e−(D−D0)2/2�2
dD + · · ·

+
	D2

i−2

4

∫ Di−1

Di−2

1√
2	�

e−(D−D0)2/2�2
dD

+
	D2

i−1

4

∫ Dmax 1√ e−(D−D0)2/2�2
dD

]
(9)
Di−1
2	�

With given � and f(D), N can be determined using Eq. (9). The
� can be normally measured by mercury intrusion porosimetry
in the form of cumulative volume penetrated per mass of speci-
men as a function of pore radius, from which the fractional pore
(capillary) size distribution f(D) can be derived.

able 1
he providers and specification of Al2O3 powders used for preparing the tape seals.

ype Provider D10 (�m)

1 Almatis Inc. 0.3
2 Tian Ma Micro Powders 10.11
sed for preparing the cast tape seals.

For capillaries with diameters between 60 and 200 �m, the con-
tribution of the capillaries within the interval (Dk, Dk+1) to the mass
flow rate is

Ṁk = � · nk · 	 
PD4
k

128�L

= 2Po

RT
· N ·

∫ Dk+1

Dk

1√
2	�

e−(D−D0)2/2�2
dD · 	 
PD4

k

128�L

= N · 	Po 
PD4
k

64�RTL
·
∫ Dk+1

Dk

1√
2	�

e−(D−D0)2/2�2
dD (10)

If the interval (Dk, Dk+1) falls into to the range of 0.1–60 �m, then:

Ṁk = � · nk · 	 
PD4
k

128�L
[1 + 0.865 tan−1(4Kn0.4)]

(
1 + 4Kn

1 + Kn

)

= N · 	Po 
PDk
4

64�RTL
[1 + 0.865 tan−1(4Kn0.4)]

×
(

1 + 4Kn

1 + Kn

)
·
∫ Dk+1

Dk

1√
2	�

e−(D−D0)2/2�2
dD (11)

For a tape seal with width a and thickness b, the total mass leak rate
can be calculated by the summation of Ṁk:

Ṁ =
i−1∑
k=1

Ṁk (12)

It can be seen that both the effective porosity � and the size dis-
tribution of the capillary affect the mass leak rate. According to
the calculation results, as shown in Fig. 3, with a = 1 cm, b = 0.5 �m,
L = 1 cm, Pi = 1.048 × 105 Pa, Po = 1.013 × 105 Pa, � = 1.92 × 10−7 Pa s
and T = 750 ◦C, the mass leak rate increases significantly as D0
increases in the range above tens of microns; � presents more

meaningful effect than that of D0 while D0 is in the range of sub-
microns. It is further known from the results that it is possible to
achieve effective sealing by reducing the pore size in the seal, even
though the porosity of the seal is reasonably large. For example,
with capillary diameters in the range of 0.01–0.5 �m (D0 is 0.1 �m

D50 (�m) D90 (�m) Specific surface area (m2 g−1)

1.90 4.19 5.40
15.46 25.22 1.09
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capillaries parallel to each of the x-, y- and z-axes, respectively,
and the total leak rate in the flow direction is 1/3 of that predicted
by the model with N capillaries lying in the flow direction. In the
present model, one-dimensional leak along the sealing width is
Fig. 7. Schematic of the in-house set-up for leak test.

nd � is 0.1 �m), the mass leak rate is 6 × 10−7 g s−1 for a � of 20%
sed in the calculation, as shown in Fig. 3(b). Therefore, it can be
redicted that relatively large pores must be avoided and uniform
ne pores are allowed in the cast ceramic tape seals for obtaining
obust sealing effect.

.4. Model rectification

.4.1. Tortuosity of leak path
The real leak path in cast ceramic tape seals is squiggly, charac-

erized by the term tortuosity � defined as:

=
(

Le

L

)2

nd schematically shown in Fig. 4. In this case, the capillary quantity
n the seal reduces to L/Le of that in the straight capillary model if
he effective porosity remains unchanged; and so does the flow rate
n each capillary if the gas pressure difference maintains the same.
ombining the above two factors, the total mass leak rate decreases
o 1/� of that as predicted in the straight capillary model. The value
f � was reported between 2.0 and 2.5 [14]; and the corrected leak
ate by the tortuosity will be at least less than 1/2 of that obtained
rom the model. Fig. 5 shows an example calculation of the mass
eak rate of H2 with a D0 of 0.4 �m and a � of 0.2 �m and variations
f � and �. The mass leak rate decreases significantly with increased
eak path tortuosity.

.4.2. Cross-section variation of leak path
In the capillary model, it is assumed implicitly that the diameter

f each single capillary is the same along its length; however, the
ross-section of actual leak paths in ceramic tape seals is variable.
he mass flow rate in a capillary with a variable diameter will be
maller than that with a fixed diameter. In the case of a straight
apillary with two different diameters Dl and Ds and correspond-
ng capillary lengths ll and ls, the mass flow rate in this variable
iameter capillary ṀVD can be expressed as:

˙ VD = ṀDs

x4(1 + y)
(x4 + y)

(1 + yx)2

(1 + yx2)3
(13)

here x = Dl/Ds and y = ll/ls, according to the Hagen–Poiseuille equa-
ions without considering the flow loss caused by diameter sharp
hange at the connection. It can be proved that ṀVD is always
maller than ṀDs as long as the diameter changes. For instance,

˙ VD = 0.27ṀDs for x = 2 and y = 1.

.4.3. Cross-link of leak path
Leak paths in ceramic tape seals are likely to form intercon-

ected network structure if the porosity of the seal is larger than
urces 193 (2009) 723–729 727

10%. A three-dimensional capillary model [19] assumed that N/3
Fig. 8. Leak rates of the A1 and A2 cast tape seals at different compressive stresses
and gas pressures.
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Fig. 9. Post-test microstructures of the A1 and

ssumed; therefore, with the correction of leak path cross-link,
he actual mass flow rate will be 1/3 of that predicted by the
ne-dimensional capillary model as long as the effective porosity
emains unchanged.

Based on the model analysis, it is understood that the pore size
istribution, the porosity, and the complexity of leak paths (tor-
uosity, cross-section variation and cross-link) are the main factors
hat determine the mass leak rate of the ceramic tape seals. In order
o achieve robust sealing performance in planar SOFCs with the cast
ape seals, the microstructure of the tape seals is required to be con-
rolled by design so as to obtain fine pores with variable size, low
orosity and high tortuosity.

. Design of cast ceramic tape seals for planar SOFCs

For a 10 cm × 10 cm planar cell with an active area of
cm × 9 cm = 81 cm2, the sealing component is a window frame
ith an outer sealing length of 4 × 10 cm = 40 cm per cell. Assum-

ng the cell is operated under current density of 0.7 A cm−2,
.88 × 10−4 g s−1 of pure H2 are needed theoretically. The H2
sage becomes to 7.35 × 10−4 g s−1 if 80% fuel utilization is con-
idered. Taking 0.5% of the total flow as the allowable H2 leak
p-limit for safety concern, the mass leak rate must be lower than
.22 × 10−8 g s−1 cm−1, that is 0.06 sccm cm−1. In order to fulfill this
igorous criterion, the main factors influencing gas leak rate in the
ast ceramic tape seal, as discussed above, must be carefully con-
rolled by design.

Considering the effect of tortuosity (factor of ∼1/4), cross-
ection variation (factor of ∼1/3) and cross-link (factor of ∼1/3)
f leak paths, the mass leak rate of the ceramic tape seal is rea-
onably assumed to be at least one order of magnitude lower than
hat predicted by the straight capillary model, thus the leak up-
imit 9.22 × 10−7 g s−1 cm−1 is used for selecting the microstructure
arameters according to the straight capillary model. It can be
een from Fig. 3(b) that submicron leak paths and significantly low
ffective porosity are required for obtaining a leak rate as low as
.22 × 10−7 g s−1 cm−1.

In the cast ceramic tape seal, the pore size and porosity are basi-
ally determined by the packing of ceramic particles, the shape and
ize distribution of the particles are of importance for achieving
ne pore size and low porosity to satisfy the low leak rate require-

ent. For equally sized spherical particles, the densest packing
ode is the face-centered-cubic or close-packed hexagonal stack-

ng with a porosity of 26%. And the porosity can be further reduced
o much lower than 22%, provided the pores in the close-packing
f spherical particles are filled by even smaller particles. Follow-
pe seals under compressive stress of 0.14 MPa.

ing this design consideration, the pore size or the size of leak paths
can be decreased into the region of submicrons by using sphere-
like ceramic powders with particle size distributed from several
microns to submicrons for fabrication of the tape seal. Thus the
requirement of mass leak rate below 9.22 × 10−8 g s−1 cm−1 can be
met. According to the above design, cast ceramic tape seals were
prepared and evaluated to verify the effectiveness of the model.

4. Preparation and verification of the cast ceramic seals

Two different Al2O3 powders, A1 and A2 as listed in Table 1,
were selected as raw materials for preparing the cast tape seals. A1
is a fine Al2O3 powder with an average particle size smaller than
5 �m, and the particle size of the A2 is relatively coarse with an
average particle size in the range of tens of microns. Fig. 6 shows
the scanning electron microscope (SEM, QUANTA 200, FEI) images
of the two powders.

The Al2O3 seals were prepared by tape casting with organic sol-
vent, binder, dispersant and plasticizers as described in detail in
Ref. [13]. The thickness of the dried tape seals was around 0.40 mm
and no surface defects were observed. The cast tape seals were
flexible at room temperature, and could be placed in close con-
tact with the sealing surfaces under a moderate compressive force.
Window frame samples were formed with an outside dimension of
7 cm × 7 cm and an inside dimension of 5 cm × 5 cm for the leak test
by using an in-house designed set-up as shown in Fig. 7 [13]. The test
gas used was N2, the obtained leak rate was converted to that of H2
by changing the parameters � and Kn. The window frame specimen
was placed in between two polished stainless steel plates under a
compressive load, and heated in a clamshell furnace at a heating
rate of 1 ◦C min−1 to 200 ◦C, and dwelled for 90 min followed by
further heating at 2 ◦C min−1 up to 750 ◦C. The gas leakage from the
seal was read from a rotometer (FL-310, OMGEA Engineering Inc.,
USA) after the equilibrium was reached. The leak rate was obtained
by dividing the rotometer reading with the inside perimeter of the
window frame sample. The compressive stress was varied from 0.14
to 0.69 MPa and the applied gauge pressure was 3.5, 6.9 or 10.3 kPa,
respectively.

Fig. 8 shows the leak rates of the cast tape seals made from
A1 and A2 powders under various compressive stresses and gas
pressures. The leak rate of A1 tape seals is below 0.04 sccm cm−1 in

all cases, and lowered with increasing the compressive stress and
decreasing the gauge pressure. However, the leak rate of A2 seals
is much higher than that of A1 seals under various conditions. The
function of the compressive stress is to maintain a good contact
between the seal and the sealing surfaces to minimize the interface
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ig. 10. SOFC single cell performance under a current density of 500 mA cm−2 with
he A1 seal.

eak and a higher packing density of the tape seal. Fig. 9 shows
he microstructure of post-test Al2O3 seals tested at a compressive
tress of 0.14 MPa. A1 seal is densely packed with pores smaller
han 0.5 �m; in contrast, A2 seal is relatively loosely packed with
ores bigger than 2 �m. These results suggest that A1 seals can
eet the requirement on the mass leak rate as predicted by the
odel and A2 seals cannot be considered in SOFC applications.
In order to further verify the applicability of A1 seal in real planar

OFCs, a single cell test was conducted at 750 ◦C with the A1 as the
eal. A high open circuit voltage of 1.17 V and a steady performance
nder a current density of 500 mA cm−2 were achieved, as shown

n Fig. 10.

. Conclusion

Based on the model study and experimental verification, the
ollowing conclusions are made:

1) The leak rate of cast ceramic tape seals can be approximately

estimated by the developed capillary model corrected with con-
siderations of tortuosity, cross-section variation and cross-link
of the leak paths.

2) The main factors influencing the leak rate of the cast ceramic
tape seals are leak path size distribution, effective porosity

[

[

urces 193 (2009) 723–729 729

and microstructure complexity (tortuosity, cross-variation and
cross-link of leak paths).

(3) Sphere-like ceramic powders with an average particle size of
several microns and a relatively wide size distribution are pre-
ferred for the cast tape seals.

(4) The leak rate of Al2O3 tape seals is lowered under increased
compressive stress and decreased gauge pressure. Fine Al2O3
powders with D50 value about 2 �m and specific surface area
near 5 m2 g−1 can be used for the cast tape seals; and the leak
rate can satisfy the requirement of planar SOFC applications.
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